INTRODUCTION
Silicon has already been demonstrated as a viable material for passive and active optoelectronic device applications in the infrared regime (λ > 1.2 μm) of the electromagnetic spectrum. Over these years, silicon's role in integrated optics has been successfully transformed from substrate material to guiding material. In fact, a lot of works in the past have shown that the silicon planar and rib waveguides can be fabricated with low losses, and hence they can easily be adapted into the designs of many passive and active silicon-based devices. One structure that exhibits a strong confinement of light is silicon-on-insulator (SOI). The ability of SOI to confine the propagating light in two dimensions is actually due to the large refractive index difference between the silicon guiding region (n = 3.5) and the two cladding regions, air (n = 1.0) and SiO 2 (n = 1.46). SOI-based rib waveguides have been reported to show losses of typically 0.4 dB/cm [1] at a wavelength of λ = 1.5 μm.
Until recently the majority of work in the field of silicon optical phase modulators has been based on modulators with silicon surface layers on the order of several microns thick [2] . Optical modulation can be achieved either via the thermal-optical effect [3] or the plasma dispersion effect [4] . In terms of device operating speed, however, the plasma dispersion effect has a fast response whereas the thermal-optical effect is a rather slow process. Free-carrier plasma dispersion has been demonstrated in silicon waveguides as a technique of modulating refractive index [5] , and the carrier density within waveguides can be modulated using a forward biased p-i-n junction which brings about changes in the refractive index [6] .
This work describes the fabrication and characterization of single mode optical waveguide modulators based on the plasma dispersion effect using SOI as the substrate. The single mode waveguide condition is to be achieved based on a rib waveguide structure with large cross-section [7] [8] and the pertinent waveguide dimensions (rib width/height and the neighboring slab waveguide thickness) are to be decided based on the simulation results of Beam Propagation Method (BPM).
EXPERIMENTS
A schematic diagram of the modulator is depicted in Figure 1 . Heavily-doped p + and n + regions with a surface concentration of 10 19 cm −3 were diffused and driven into the 10 15 cm −3 p − substrate to a diffusion depth of ~1 μm.
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FIG. 1.
A schematic diagram of the silicon modulator.
The boron and phosphorous spin-on dopants were used as p + and n + doping sources, respectively. The diffusion processes were carried out in nitrogen ambient at 900-1000°C for an hour. The dopant concentration and the corresponding diffusion depth were determined based on the Spreading Resistance Probe (SRP) technique. One of the SRP profiles is exhibited in layer under the core, which is provided by the original SOI substrate, also acts as the cladding to render better light confinement. Several silicon modulators of this structure with a core width of 5 to 35 μm have been fabricated.
RESULTS AND DISCUSSION
The operation of the modulator was demonstrated by employing 1.5 μm continuous-wave (cw) InGaAsP-based laser diode as a light source, and a germanium (Ge) photodiode as a detector. The laser beam was coupled into the waveguide modulator in normal direction, and both input and output ends of the modulator were polished in order to increase the coupling efficiency.
FIG. 3.
The depicted oscilloscope waveforms involving the activated (green-color waveform, lower trace) and modulated (orange-color waveform, upper trace) signals for the silicon modulator. In order to improve the coupling efficiency between the optical fiber and the waveguide, a Mach-Zehnder interferometer in SOI with 5 μm silicon rib-waveguide structures was also fabricated. It is commonly believed   FIG. 4 . BPM-simulation of a rib-waveguide with large cross section at λ = 1.5 μm.
that high refractive index differences necessarily translates to the sub-micron dimensions for the definition of a single-mode channel waveguide. Considering a rib-waveguide schematically exhibited in Figure 4 , it has been shown [7] [8] that for certain rib dimensions a single-mode waveguide exists even if the corresponding slab waveguide is multimode. For waveguides with h/H < 0.5 (see Figure 4 ) no higher order modes exist, since higher order modes in the central rib region (height = H) couple to the fundamental mode of the slab region (height = H − h) with its higher refractive index, resulting the leakage losses. In order to justify the single-mode behavior, several simulations using Beam Propagation Method (BPM) were employed and the results are shown in Figure 4 for a wavelength of λ = 1.5 μm. As presented in Figure 4 , the calculation at z = 0 is started with an input beam deliberately focused off the axis of the rib with a potential of coupling a lot of higher order modes. After a propagation length of 520 μm, higher order lateral modes are leaking away. A reasonable stabilization of the fundamental mode can be observed after a propagation length of 2,000 μm.
CONCLUSIONS
In summary, we have successfully demonstrated a silicon p−i−n waveguide modulator utilizing the mode modulation technique. The efficiency of the modulator depends critically on the core width and driving current. Furthermore, a Mach-Zehnder interferometer with single-mode, rib p−i−n waveguide structures was also designed, simulated and fabricated. The device measurements are currently underway and the results will be reported during the upcoming SSDM 2006 conference.
